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A Balanced-to-Balanced Power Divider
With Arbitrary Power Division
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Abstract—In this paper, a balanced-to-balanced power divider
is proposed, for the first time, with arbitrary power division,
which can be regarded as the balanced form of a Gysel power
divider. The constraint rules are provided for its mixed-mode and
single-ended S-parameters. The six-port network is analyzed by
simplifying it to two-port networks with other ports matched at
the central frequency. Its critical characteristic impedances are
then calculated analytically by our derived equations according to
the desired differential-mode power division ratio. The maximum
achievable power division ratio is 1:4.69° when the characteristic
impedances are limited within the realizable range of 20-120 €2.
The impacts of several freely selected design parameters on the
operating bandwidth are explored numerically. A prototype is
realized by microstrip lines and lumped resistors with the power
division ratio of 1:3%. The balanced-to-balanced performances of
unequal power division, low differential-mode insertion loss, good
suppression of common-mode noises, and mode conventions have
been demonstrated by the simulated and measured results of the
balanced-to-balanced power divider prototype.

Index Terms—Arbitrary power division, balanced-to-balanced
power divider/combiner, common mode, differential mode.

I. INTRODUCTION

OWER dividers/combiners [1] are widely used to split

or combine power or signals in various microwave and
wireless communication systems, with specific performances
of low insertion loss and high isolation between output ports.
In many cases, power dividers are designed with equal power
division to different outputs. However, in some cases, power
dividers/combiners with unequal power division ratios are also
desired, especially for feeding networks of antenna arrays.
Single-ended power dividers with unequal power division have
attracted much attention, due to their design flexibility for RF
systems.
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According to the relationship between impedance ratio and
power division ratio, different methods have been proposed to
realize high-impedance transmission line for unequal power
dividers. The defected ground structure [2], electromagnetic
bandgap structure [3], swap structure of double-sided par-
allel-strip line (DSPSL) [4], offset DSPSL [5], coupled-line
section with two shorted ends [6], and artificial transmission
line loaded with opened and shorted stubs [7] were used for
different power division ratios. In [8], the electrical lengths of
line sections are adjusted to realize a power divider with very
simple layout and unequal power division, and the impedance
transformers at the two output ports are removed.

Multi-section topologies [9], [10] are used for wideband
power dividers with unequal power division. A wideband
Gysel divider was derived by replacing a 180° phase shifter
with an ideal phase inverter in [11]. In [12] and [13], power
dividers are designed for arbitrary real terminations and mul-
tiple ways, respectively, both with unequal power division.
An unequal Wilkinson power divider with filtering response
is proposed in [14]. Much research has been focused on
dual-band power dividers with arbitrary power divisions more
recently, in the forms of microstrip [15]-[19] and composite
right-/left-handed transmission line [20].

On the other hand, balanced-to-balanced power dividers
with common-mode suppression [21] are also desired now due
to the increasing applications of balanced circuits and antennas
in RF and microwave systems. In order to meet this technique
demand, a Gysel and a Wilkinson balanced-to-balanced power
divider are designed and implemented with a half-mode sub-
strate integrated waveguide and microstrip line in our previous
studies [22], [23], respectively. A simplified configuration
is then proposed for the balanced-to-balanced form of the
Wilkinson power divider to use only two lumped resistors
[24]. In [25], an effective design method of balanced-to-bal-
anced Wilkinson power divider is presented by converting
its single-ended counterpart, and the number of resistors can
be further reduced to one, at the cost of its operating band-
width. By replacing the transmission lines with T-sections,
a balanced-to-balanced power divider is implemented with
a dual-band response [26]. However, all the proposed bal-
anced-to-balanced power dividers are for equal power division.
Arbitrary power division ratio has not been realized for the
power dividers in the balanced form until now.

In this paper, a configuration of a balanced-to-balanced Gysel
power divider with arbitrary power division is firstly proposed,
and the design method is developed analytically. First, its corre-
sponding constraint rules are summarized. Secondly, the design
equations are derived for its critical characteristic impedances
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Fig. 1. Proposed balanced-to-balanced power divider with arbitrary power di-
vision. (a) Its diagram. (b) The structure.

and loaded resistances, by simplifying the six-port network to
two-port networks with other ports matched. The realizable lim-
itation of the power division ratio is predicted. Some special
cases are then discussed. The relationship between its operating
bandwidth and some design parameters is further explored. Fi-
nally, in order to validate our idea, a prototype is fabricated and
measured. The experimental results agree well with the theoret-
ical and simulated ones.

II. CONSTRAINT RULES OF A BALANCED-TO-BALANCED
POWER DIVIDER WITH ARBITRARY POWER DIVISION

The diagram of the proposed arbitrary balanced-to-balanced
power divider is shown in Fig. 1(a). [S**d] represent its 6 x 6
scattering matrix. Assume it is a reciprocal six-port network,
then we have S,,,, = Spm, where S,,,, and S,,,,, are the ele-
ments of [S**!], and m,n =1,..., 6. The matrix is modified as

[Sur] [Sur]
el Bl )

where M is a transformation matrix. Its elements n;;
(i,j = 1,...,6) are given by m1; = maa = mg; =
m4q4 = Msg = mgs = 1, and all the other elements are equal
to 0. Note that the M matrix makes the single-ended ports
in [S°*9-*] sorted as 1, 2, 6, 4, 3, and 5. The size of all the
submatrices [Spz], [Svr], [Spr], and [Spr] of [S544-F] is 3 x

[Sstd_t] — *Mil[SStd]M — |:
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3. The four submatrices of the mixed-mode scattering matrix
[S™™] are defined by

(5] = % {[Svr] — [Sur] - [SpL] + [Sprl}  (2a)
(571 = 5 {1Sua) + [Sval - [Spe] - [Sox))  @b)
15°) = g A[Sw] — [Svnl + [So2) ~ [Sol} 20
(5] = 5 {1Sva) + [Sval + [Spe] + [Spal} - 20)

The differential-mode input power should be divided with
an arbitrary ratio, and the proposed component with arbitrary
power division should satisfy the constraint rules in (3), shown
at the bottom of this page, which is similar to those indicated
in [23], where 0 < u < 1 is the magnitude of Sygan; ¢1,
w2, ©3, @4, and @y are the undetermined phases of scattering
parameters.

From (2) and (3), it can be derived that

[Ss] = 5 (I8 +[5%7 + [5°) + [5°7)

S Sz Sig
= |So1 S22 Su
| Se1 Se2 Ses
r %ejvz UpiP1 1—u? je2
— %6jm Logva 0 (4a)
i \/l;b2 ede2 0 Loivea
1 M C ce
Sual = {1590 4 (5% - [579) 4[5}
[S14a Sz Sis -|
= | Saq Saz Sos
| S64 Sez Ses J
%ej%@ii _Upier \/12*1_12 e P2
V1—u? e jPa
1_ - 12 el 0 %e”
[SDL] = 5 {_[de] . [Sdc] + [Scd] + [Scc]}
[Sa1 Siz Sug |
= 1831 Ss2 Sie| =[Svr)’ (40)
| 951 Ss2 Sse |
1 (& C CC
(Sonl = 5 {159 (5% - (5% + 5}
[S4 Siz Sus |
= |S3s Saz Sss | =[Svr]”. (4d)
| S54 Sz Sss |

It should be pointed out that the constraint rules given by (4)
can be directly used to design a balanced-to-balanced power

0
uedPr
V1= u2el¥2
0
0
0

(5]

[5°)

ued?1 1 —wled®2 () 0 0
0 0 0 0 0

0 0 0 0 0

0 0 v Q) 0 @)
0 0 0 v 0
0 0 0 0 eivs
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divider with arbitrary power division, which are important to
find a suitable structure and establish the design equations to
determine its critical parameters.

IIT. ANALYSIS AND DESIGN

A. Two-Port Network Between Ports 2 and 5 With Other
Ports Matched

For the balanced-to-balanced power divider shown in
Fig. 1(b), which can be regarded as a balanced-to-balanced
Gysel power divider [23] with arbitrary power division, the
two-port network between Ports 2 and 5 with other ports
matched can be determined first. For simplification, the fol-
lowing analysis is only for the central frequency. According to
(4), set the value of Sy, and S35 to —1/2, i.e., w4 = —m, then
the S-matrix [S]25 of this two-port network is given by

[ S S]] _[-3 O
[5]2s = {552 555] B { 0 -3 )
The Y -matrix is obtained as
_|3Y% 0

where Y, = 1/50 01 is the admittance of each port.
On the other hand, the ¥ -matrix of the two-port network can
be calculated by

Yo = [Y]L + [Y]ar + [V]r (7

where [Y]r, [V]ar, and [Y]g are the Y-matrices of the left,
middle, and right paths between Ports 2 and 5, respectively, as
shown in Fig. 1(b). These three ¥ -matrices can be derived from
their corresponding transfer matrices given in (8a)—(8c) at the
bottom of this page. Note that the following transfer matrices in
this section are derived for the two-port network between Ports
2 and 5 with the other ports matched. [Y]z, [Y]as, and [Y]g are
then obtained by

2833
Ry Ry
zZ2 ZraZ
[Y]a = [ 1 . (9b)
VA RYAS Zi
RQ RZ
7+ Yy —
[Y]R _ Z”Rg Iil 3—Z|_1;/ ‘ 9¢)
Zr3ZT6 z2. 0
Substituting (6) and (9) into (7), we have
Ry Ry 1
Z%z Z:2F3 ’ 2Z%1YO (10)
Ry Ry 1
— + —— =2Y; s 10b
2z, T
R R 1
! 2 (10c)

+ = .
Zredrs  Zrsdre 2211 72714Y0

B. Two-Port Network Between Ports 2 and 1 With Other
Ports Matched

According to (4), S11 and S3o are set to —1/2 here, while
S12 and Ss; are set to —ju./2, which means ¢; = —7/2 and
w3 = @4 = —mx. The S-matrix [S]21 of the two-port network
between Ports 2 and 1 with other ports matched then becomes

[5}21 = [322 5’21} = { _-%u
—-i%

Lgl2 AS’]_]_
The Y -matrix of this two-port network is transformed to be

(11)

3711,2 7 4u .)
Yin =¥y | 7 5T (12)
JTre  1Rs
On the other hand, the ¥ -matrix can be calculated by
[Y]o1 = [Y]oir + [Y]2iz (13)

where [Y]21r is the Y -matrix of the quarter-wavelength trans-
mission line between Ports 1 and 2, with the characteristic
impedance of Z71, and is expressed by

1 1
272 Y, T 2Z11 274 Y c 1
Ylp=| b AT ] (9a) [Y]oin = [ . 01 J zﬂ} _ (14)
2Z11Z14Y0 272, Yo Iz 0
0 §Zr |1 0][-1 0 1 0 0  jZ74
[ABCD]L = -1 : -1
-‘/]ZZTl 0 | _YO 1 0 -1 YO 1 JZ_ 0
[ 52 2Zp1274Y0
_ 254 P (8a)
- 2Ty .
asonn= [, 77| [1 9][ 0
Uz O I la HUlizs 0
r_Zra> _ ZroZrs
— 31'5 _% (8b)
L Zra
-1 0 1 0 0 1273 1 0 0 147 1 0||—-1 0
ABOD = L 0 _1} {YO 0] [jzlm 0 R% 1 jZ;b‘ 0 Yo 1 0 -l
- Ty —Zy3hyg
e TE (59
- _ Zr3Yy  ZreYo ZrsZreYy _Zrs _ Zr3ZreYo
L Zys Zys R Zy3 Ry
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[Y]21z is the ¥ -matrix of the other part of the two-port network
between Ports 1 and 2, and can be transformed from its corre-
sponding transfer matrix [ABC D]a11,, which is determined by

1 0 1 §Zra
ABCD)s1;, = [ABCD], ‘
[ ]21L [ ]M—f—R |:}/0 1:| |:.]Z,1-,4 0 :|

1 0]|-1 0
La [0 4] o
where [ABC D]ar4 g is the transfer matrix of a part of the two-
port network, which includes the middle and right paths between
Ports 2 and 5, as indicated in Section III-A. It is derived from

the Y -matrix [Y]as+ r, which can be determined by (6), (7), and
(9a). We have

. 1
3Yo— 55~
27 Yo

Yar+r = [Y]os—[Y]r = 1
2Zr1Z14Y0

1
2Z11Z714Y)
1 .
3}/(] - ZZ.TZ Yo

(16)
[ABCD] a4 r is then obtained as

[ABCD|pir
—6Z71 Z74YZ + ?Ti —22711Z74Yy

Z11274Y0 (%4—%—185/02) —6271 274 Y5 + 52

(17)
According to (15) and (17), the following equations are derived:

[ABCD]o1z = |:A21L

BQlL]
Cor

18
Do (182)

. 1
Anp =3jZr123,Y0 (83/(]2 + Z—2> (18b)
T4

1
Zis

Corp =jZm Z3, Yy (24}’02 —

Boiy, =jZ11 2%, (8Y()2 - (18¢)

4 + 3
Zi Ziy

1
——— 18d
) 09

- 2 2 4 3
=J211274Y0(24Yy — —5———5— ). (18¢)
T1 T4

According to (12), (13), and (14), [Y]211 can be rewritten as

3-u? g duYe 1
Vs = Tz Y0 J (1+u2 le) 19)
2L = s 4uYy 1 3—u? Y;
. T+uz T T+u2 0

Another form of [ABCD]s1;, can be transformed from (19),
which is given by

(3 —u?)YoZr1

np =P =Jj s s (20a)
. (1 + UQ)ZTl
Doy, = 20b
T Y T — 1 — (200)
A3 -1
Coyp = 22— (20c)
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Due to 421, = Doy in (20a), (18b) and (18e¢) lead to
1 1

o -5 — 4Y2

7,7,

Equation (18b) divided by (18c) should be equal to (20a) di-

vided by (20b), i.e.,

2

Y2 +1/72 3 —u?
Yo —2 14 — v : 22
"S- 1/z2, it @2
We then have )
gy = —— 23
W g (23)
Substituting (23) into (21), it is derived that
1
Zr = : 24
b 2uYy 24)

If the ratio of the power that was divided to balanced port B
and C is 1 : k2, the ratio of |Sqqan| to |Sqaac|is 1 : k. From
the constraint rules in (3), it is obtained that

Sz 1 1
|Saaas| _ w1 25)
|Sqanc]  V1—u2 K
We then have )
b= —. 26
Vit 20
Substituting (26) into (23) and (24), the following equations are
obtained: )
Zri =V 1+k? (27a)
2Yy
1 1
Zry = —1/14+ — 27b
T4 = oy, A/ 1+ 2 (27b)
Zr1
— =k. 27c¢
Zrs (27¢)

If Z11, Z74, and u are replaced with (27a), (27b), and (26),
respectively, we can find that the transfer parameters of (18)
have the same values as those of (20).

C. Design Freedom and Limitation

From (10) and (27), the following equations are obtained:

R; Ry k2
—t = =2Yy——— (28a)
Z%Z Z%3 1+ k2
R; Ry 1
5t 55 =2Y07—5 (28b)
Z%5 Z%G 1+ k2
Rl R2 k
=2Y; . 28¢
ZroZrs  Zrslre 1T+ k2 (28¢)
We can further derive that
Ri+ Ra/a®)(1+1/k2
zm:\/( 1+ Rofa?)(1+ 1/k?) (29)
2Y,
2Ry + Ra)(1 + 1/k2
Zrs =aZry = \/(“ et l) (G A RSN
2Y5,
R+ Ro/a?)(1 + k2
Zrs =kZry = (s + Rp/a?)(1 £ ) (29¢)
2Yq
2Ry + Ro)(1 + k2
ZTG :(],]{;ZT2 _ ’\/((L 1 +2;)( + ) (29d)
0

21
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where a is the impedance ratio of Zr3 to Zro. We then set

(Rl + RQ/(LZ)

Ry = 5 (30a)
Ry = ((121?1+122) (30b)
2
m = % = Sp Rle o (30c)
Equation (30) means
Ry =(2—-m)R;. (31a)
RQ = TTLRQC. (3 lb)

From (31), it is seen that the coefficient m should be selected
within [0, 2] to guarantee I?; and R are always non-negative.
Equation (29) is then rewritten as

\/310(1 F1R) T
Zpy=\|———— =

2
¥ : (32a)
Roo(1+1/k2)  Zpg
Ly =4 —————— = ——. 32b
s \/ ¥ . (32b)

The values of I?;. and 5. can also be selected arbitrarily,
but note that Zrs, Z13, Z7r, and Z1¢ should all have realiz-
able values when selecting m, I?3., and I%o.. Assuming & > 1
without loss of generality, we will have

Rio(1+1/k?)
Yo

qup(l—‘rk2)
‘7<Z
\/ n o

where ¢ = 1 and 2, Z;,, and Zp are the lower and upper limits
of realizable characteristic impedances of transmission lines, re-
spectively. Combining (33a) and (33b), it is derived that

Zrp < (33a)

(33b)

727,
1+ 1/k2

72,

= Rmin S R cs R ¢ S Rmax =
les 412 1 ‘|‘]$2

(34

where B;, and R« are the minimum and maximum realiz-
able values for 1. (also for Rs..), respectively. It is found from
(34) that

(35

Since the condition of Zy, < 1/(2Y}) can easily be achieved, it
is derived from (27a) that

Z
k< (2ZzYe)? —1< Z—H (36)

2835

Equation (36) is the realizable limitation of the division ratio
kE.IfYy = 1/50 Q71 Zp = 20 Q, and Zg = 120 Q, the
maximum realizable division ratio is & = 4.69. If & = 3 is
desired, the values of R and Rs, should be within [7.2, 28.8],
while the values of Ry and Rz should be within [0, 57.6].

When Ry, = R»., we will have

Ri (L +1/k2 Zrs 7
Zry = Zry = —1'(;;/ ):%:ﬁ.

(37)
The transmission lines in the two paths between balanced ports
B and C will then have the same characteristic impedances. Note
that even in this case, the values of K1 and R» can still be dif-
ferent from each other withm # 1.If Ry = Ry is also satisfied,
(37) can be further simplified as

Ri(1+1/k? 5
Zro = Zr3 = 1 M+ 1/K) Yo/ ) _ = (38)

When R;. — 420, we have Zy9 — +00, Z75 — 400, and
Ry — 4o0c. The value of o = Zr3/Zrs is close to 0, leading to
i, = 2 from (30c). It can then be derived from (29b) and (29d)
that

o Ro(14+1/k%) _ Zre
BEN T Gy ko

(39)
In this special case, the Z13 — I}y — Z75 path between Ports 2
and 5 is dismissed, and only one resistor of 125 is required. When
selecting the value of I3, Zr3 and Zrg should still be within
the realizable range of characteristic impedance. We then have

272,
1+1/k% —

272Yy
S

(40)

IfY, =1/50Q71, Zp =209, Zg = 120 Q, and k = 3, the
value of Ry should be within [14.4, 57.6]. A similar conclusion
can also be drawn from the case of Ry, — +00.

We can also find that the proposed balanced-to-balanced
power divider with arbitrary power division can be built with
only one resistor when R; = 0 Q or Re = 0 ) corresponding
to rn = 2 or 0, respectively. In these cases, another position for
the loading resistor is replaced by a shorted end.

Note that the proposed balanced-to-balanced Gysel power di-
vider with an arbitrary power division ratio has a good power-
handling capability since the isolation resistors are shunted to
the ground, and the resistors are easily replaced by high-power
loads. The power-handling capability limited by the microstrip
lines is usually much larger than that limited by the resistors or
loads.

D. Bandwidth With Different Values of m. k, R1., and Rs.

Although the above analysis is only for the central frequency,
the proposed component can be used within a specific operating

L
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band. According to our previous work [23], when the charac-
teristic impedance Z, of half-wavelength transmission lines,
which are regarded as phase inverters at the central frequency,
is set to 50 2, the operating fractional bandwidth (FBW) will
be relatively wide. If the values of |SqaaB|, | Sadac|, [Sceanl,
|SceBB|, and |S..cc| are better than —1 dB from their max-
imum magnitudes and the values of [Syaaa |, |SaaBB|, [Sddcc|,
|Saascl, [Secasls [Seeac], |Seercls |Sdeanl, |Sdeanl, [Sacac],
|SdceB|, |SdcBals [Saccls [Sacoc|, |1Sdecal, and |Siecn] all
below — 15 dB should be satisfied simultaneously, an operating
band can be measured, which is denoted by BW.S.

If the values of the phase difference between Syqap and
Sqaac 1s below 10° should be satisfied, an operating band
related phase can be determined. We define BW.P as the band-
width determined by 10° phase difference. From Fig. 2, with
the constants of . = 1 and R1. = R1. = 18 (1, it is found that
the FBW decreases with the increasing of k. Comparing with
FBW.S with FBW.P, we find FBW.P in Fig. 3 is larger than
FBW.S in the theoretical results.

Here, the relationship between FBW and the values of design
parameters m, Ri., and Rs. is explored numerically for some
typical cases.

From Fig. 2(a), it is found that the FBW of the proposed
power divider is influenced by m and the maximum bandwidth
for a certain m decreases with the increasing of k. The simpli-
fied structure only with R; or Fo has narrower bandwidth than
the structure in Fig. 1(b), and the theoretical results can be seen
from Fig. 2(b)—(d) for £ = 1, 2, and 3. The theoretical result has
wider bandwidth than its related measured results.

From Fig. 2(a), it is found that the FBW of the proposed
power divider is influenced by m and the maximum bandwidth
for a certain 7 decreases with the increasing of k. With con-
stant 7 = 1 and k& = 3, the theoretical FBW will increase with
both R;. and Rs., as shown in Fig. 2(b). When the values of
R and Rs. are both larger than 20 €2, the FBW is almost un-
changed with the resistance parameters.

IV. RESULTS AND DISCUSSION

A. Design Procedure

Based on our method, we can design a balanced-to-balanced
power divider by the following procedure.

Step 1) From the designed power ratio, we can get Zr1, Z14.

Step 2) Tuning m, %y, [75., we can get maximum FBW
curves.

Step 3) From determined m, I%j.,R»., we can get
Zro, s, Ly, Zpe, 11, Ra. R1, IR must be
commercially available, Z11—Z1¢ must be in the
range of Z, and Zp.

Step 4) Considering the discontinuities, via, loss, and disper-
sion of substrate in the simulation and fabrication.

B. Theoretical Results

A balanced-to-balanced power divider prototype is de-
veloped with the power division ratio between balanced
B and C of 1:3%. The design parameters are chosen as

m = 1, R, = Ry, = 25 Q, and 7, = 50 Q. The
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Fig. 2. FBW ofthe proposed balanced-to-balanced power divider: (a) fork = 1
and3 whenR;. = Ry. = 18, andfork = 4.69 whenR,,. = Ry, = 120}
with m changed. (b) & = 1, m = 1, for different values of I2;., IZ.. when
Ri. = R;.; for different values of R»,. when Ry, = 18 €2, and for different
valuesof I?; . when I2;, = 18 ; for different values of 2. when 2, = 182,
and for different values of R1. when R». = 18 {2; for different values of Rs..
whenthe Z7» — 71 — Zr5 pathbetween Ports 2 and 5 is dismissed; for different
values of R+ . whenthe Zr; — R — Z g pathbetween Ports 3 and 6 is dismissed;
(c)k = 2;(d)k = 3.Thecurvesin(c)and (d) are described as (b).

other critical characteristic impedances and loaded resis-
tances are calculated by (19), (23), and (24), which are
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Fig. 4. Theoretical mixed-mode .S-parameters of the proposed balanced-to-
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Fig. 5. Photograph of the fabricated prototype of the proposed balanced-to-
balanced power divider with arbitrary power division.

From (1), we have

[ggis] = [Sg;sf 41

The two matrices [S%“] and [S?] have been defined in [23]. The
theoretical results of the equivalent-circuit model in Fig. 1(b)
are plotted in Fig. 4. The differential-mode transmission coef-
ficient and the common-mode reflection coefficient reach their
maximum of |Sygap| = —10 dB, |Sguac| = —0.46 dB, and
|SccAA| = |SC(:BB| = |SCCCC| =0dBat f(] = 2.0 GHz, respec-
tively. An operating band determined by mixed-mode S-param-
eters is 1.77 to 2.23 GHz, i.e., the FBW is about 23%.

C. Simulated and Measured Results

As shown in Fig. 5, the prototype is fabricated on an F4B sub-
strate with the relative permittivity of ¢, = 2.65, the loss tan-
gentoftan 6 = 0.003, and the thicknesses of & = 0.73 mm. The
balanced-to-balanced power divider occupies an area of about
0.5 x 0.75)\3, where A, is the guided wavelength at the central
frequency.

Fig. 6(a) and (b) shows a comparison between the simulated
and measured transmission coefficients, reflection coefficients,
and isolation between balanced ports B and C for differential-
and common-mode operations, respectively. Fig. 6(c) and (d)
provides a comparison between the simulated and measured
differential-to-common mode conversions. The curves of
Seeoc| are magnified

SadaB|, |[Saaacl, |Sccanls |SecBB|, and
in Fig. 6(e).

The theoretical maximum differential-mode transmission
coefficients of the prototype are |Syyap| = —10 dB and
Saaac] = —0.46 dB at the central frequency of 2 GHz. In
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Fig. 6. Simulated and measured mixed-mode S-parameters of the proposed
balanced-to-balanced power divider prototype with power division ratio of 1:32.
(@) Saa. (b) Scc. (c) and (d) Sqc. (e) Magnified curves of | Sqaas|, |Saaac],
|Sceanls|Seennl, and|Seccc|. Mea. and Sim. represent the measured and sim-
ulated results, respectively.

the measurements, the maximum differential-mode transmis-
sion coefficient of the prototype is |Sgaap| = —10.32 dB

20 T T T
—=— simulated results

—e— measured results
—a— theoretical results

10

Angle(S ,5/S jiac)
[en)

2.0 2.5
Frequency (GHz)

Fig. 7. Theoretical, simulated, and measured phase difference between bal-
anced port B and C of the proposed balanced-to-balanced power divider proto-
type with power division ratio of 1:32.

at 1.96 GHz, |deAC| = —0.94 dB at 1.95 GHz, the best
differential-mode isolation is 61.72 dB at 1.88 GHz, and the
common-mode reflection coefficients of |S..aa| and |S..np|
reach their maximum of —0.16 and —0.2 dB at 2.11 and
2.06 GHz, respectively. The conversions between differential-
and common-mode signals are successfully suppressed around
the central frequency.

The same rules as those in Section ITI-D are used to determine
the bandwidths for measured and simulated results. The theoret-
ical, simulated, and measured BW.S are 1.77-2.23, 1.71-2.13,
and 1.74-2.10 GHz.

The theoretical, simulated, and measured phase differences
of the two balanced ports are plotted in Fig. 7. The theoretical,
simulated, and measured BW.P are 1.66-2.34, 1.78-2.34, and
1.79-2.29 GHz.

We define the frequency range that BW.S and BW.P overlap
as the operating band. An operating band from 1.78 to 2.13 GHz
is achieved in simulations with the FBW of about 17.5%. The
measured operating band is from 1.79 to 2.10 GHz with the
FBW of about 15.5%. Both of them are narrower than the theo-
retical value 0f 23% due to the tolerances of practical distributed
circuit and fabrication.

V. CONCLUSION

In this paper, a two-way balanced-to-balanced power divider
with arbitrary power division has been proposed and analyzed.
The constraint rules of its single-ended S-parameters are first
presented, which are obtained from the mixed-mode S-parame-
ters. A balanced-to-balanced power divider with arbitrary power
division is then built up with a combination of ideal transmission
lines of different characteristic impedances loaded with specific
resistances. Design equations are derived analytically to deter-
mine the critical parameters according to the desired power divi-
sion ratio. The limitation and freedom for design are discussed
in detail. The maximum power division ratio is 1:4.69> when
the realizable characteristic impedance of transmission line is
within 20-120 2. The FBW of our balanced-to-balanced power
divider is further explored numerically. A prototype is realized
by microstrip lines and two surface-mounted resistors. Good
agreement is between the simulated and measured mixed-mode
S-parameters to validate our design method. The balanced-to-

Authorized licensed use limited to: Shanghai Jiaotong University. Downloaded on April 07,2024 at 07:33:51 UTC from IEEE Xplore. Restrictions apply.



XIA et al.: BALANCED-TO-BALANCED POWER DIVIDER WITH ARBITRARY POWER DIVISION 2839

balanced power divider with arbitrary power division can be uti- [21] J. W. May and G. M. Rebeiz, “A 40-50-GHz SiGe 1:8 differential
lized in fully balanced RF front-ends with more flexibility. power divider using shielded broadside-coupled striplines,” IEEE
Trans. Microw. Theory Techn., vol. 56, no. 7, pp. 1575-1581, Jul.

2008.
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